The influence of crack due to freeze-thaw cycles on the mass transport of concrete materials has been studied. Different degree of cracking was produced by different freeze-thaw cycles. The mass loss of the concrete specimen after different cycles was chosen as the main parameter to describe the cracking state. Carbonation and chloride diffusion test were carried out. Results indicated that both of the carbonation depth and the chloride penetration rate were increased due to the internal cracking of materials. The more serious the concrete was damaged, the greater was the carbonation depth and the chloride migrate coefficient.
Introduction
The evaluation of durability and service life is often important and complicated during the application of building materials such as concrete materials. Cracking is an inevitable characteristic of reinforced concrete structures. Once the material cracks, a perfect pathway for gas and liquid transportation is provided, and thus facilitates the ingress of deleterious species, such as chloride ions, CO 2 , into concrete. 1) For reinforced concrete, in normal circumstances when the carbon dioxide or chloride ions reach the reinforced steel, the depassivation of the steel occurs and the steel reinforcement starts to corrode.
2) However, most of the work focused on the influence of external single crack on mass transport of concrete. [3] [4] [5] [6] In this paper, internal cracks of concrete were produced by exposing to freeze-thaw cycles. Microstructure analysis, carbonation and chloride migration measurements were then performed on both of the undamaged and cracked specimens.
Materials and Test Methods

Materials
Ordinary Portland Cement (OPC) produced by Onada Corp. in Jiangsu Province, China was used. Chemical composition of the cement was presented in Table 1 . Middle sand with 2.3 fineness modulus was used. The crushed stone was basalt (5-20 mm). Concrete admixture was JM-PCA, which was produced by Jiangsu Bote New Materials Co., Ltd.
Test method
The concrete prisms with size of 100 mm Â 100 mm Â 400 mm were cast. The mix proportion of concrete specimen was given in Table 2 . The air content of fresh mixed concrete was measured according to ASTM C231. The freeze-thaw testing was carried out according to Chinese National Standard GBJ82-1985. Then, after freeze-thaw testing, these samples were used for carbonation and chloride diffusion testing. Polished sections were made at each level of deterioration, and then were observed using microscope OLYMPUS XZ-2.
Carbonation test was carried out according to Chinese National Standard GBJ82-1985. Steady state migration testing was used to evaluate the chloride ion diffusion. The specimen with a thickness of 50 mm was obtained by sawing a portion of concrete specimen. All of the samples were prepared including vacuuming, saturation and setting up the test. The lateral surface of the specimen was coated with epoxy, and then placed between two cells. Each specimen was placed between the two compartments of a cell where flat silicone circular seals ensure that the system is leaktight. The solutions were made with NaCl (3%) in the upstream compartment, and NaOH (0.2 mol/L) in the downstream compartment. Voltage of 8 V was applied over the specimen, and the test was carried out at 20 AE 5 C. Electrical current and chloride-ion concentration were simultaneously monitored during the migration test.
Results and Discussion
Failure characteristic
Rapid freeze/thaw action could cause internal cracking of concrete, and different freeze-thaw cycles result in different kinds of damage degree. Mass loss of the specimen after certain freeze-thaw cycles was chosen as the main parameter of the cracking state (See Table 3 ). Figure 1 shows the water absorption of damaged samples after different freeze-thaw cycles. From Fig. 1 , it can be deduced that the damaged samples have internal defects or cracks according to their higher water absorption. The specimen with higher mass loss has larger water absorption. Polished sections were made from the specimens subjected to 0 cycle, 100 cycles, 225 cycles and 625 cycles respectively. Figure 2 shows microphotographs of concrete specimen before the freeze-thaw cycles and after the different freeze-thaw cycles. It can be seen from Fig. 2 (a) that there is no crack at the interface between coarse aggregates and cement matrix as well as in cement matrix. Regarding from Fig. 2(b) to Fig. 2(d) , it is apparent that the cement paste becomes loose and slightly cracking appears after freeze-thaw testing, and this phenomenon becomes more and more severe with the increase of freeze-thaw cycle.
Carbonation depth of samples
The average carbonation depth with different deterioration was calculated. In Fig. 3 , a summary of relations between the carbonation depth and the deterioration degree is presented. From Fig. 3 , it can be seen that the carbonation depth is increased by 1.4-1.8 times after freeze-thaw cycles compared to the reference specimen. According to experimental data, carbonation depth has a good non-linear relation with mass loss: where y is the carbonation depth (mm), x is the mass loss (%), and r 2 is the correlation coefficient.
Chloride ions diffusion
Chloride binding has an influence upon time lag but it does not alter the value of the diffusion coefficient. 7) In chloride migration test, chloride ions are transported in concrete under an applied voltage. As the chloride flux becomes constant, the general equation that describes transport process in solution is the Nernst-Planck's equation:
where J is the total ion flux in the downstream cell (mol m À2 s À1 ); D is the diffusion coefficient of the ion (m 2 s À1 ), which is later defined as a migration coefficient of mortar; C is the concentration of the ion (mol m À3 ); x is the position or length (m); z is the electrical charge of chloride, F is the Faraday constant (96,500 C mol À1 ); R is the universal gas constant (8.3 J mol À1 K À1 ); T is absolute temperature (K); E=x is the strength of the electric field between the anode and cathode (V m À1 ); and u is the velocity of solute (m s À1 ). The first and the third terms of eq. (2) are the contribution due to diffusion and convection respectively. Since the concrete is saturated, the convection can be neglected. Under the influence of an electrical field across the sample, the contribution of diffusion in concrete is small and can be neglected. 8) Then, only taking into account the migration due to the electrical field, the migration coefficient D can be calculated by rearranging the middle term of eq. (2):
Then the migration coefficient of chloride ions for concrete, D cl , is calculated by the following equation:
where J cl is the constant flux of chloride in the downstream cell (mol m À2 s À1 ), E=l is the electrical field (V m À1 ), and C is the chloride concentration in the upstream cell at the cathode (mol m À3 ). And J cl could be calculated by eq. (5):
where A is the surface of concrete exposed to the solution (m 2 ), V is the volume of solution in anode cell (m 3 ); @C cl =@t is the variation of chloride concentration with time.
And C cl could be calculated by eq. (6):
where Q is the charge passed, t cl is the chloride transference number, n cl is the mole number of chloride in the downstream cell at the anode, which is related to chloride-ion concentration. From eqs. (2) to (8) , the migration coefficient of chloride ions of concrete is calculated from a stable steady-state current as follows:
where I s is a steady-state current (A), l is the length of the concrete specimen (m), and t cl is the chloride transference number. The chloride migration coefficients calculated from eq. (9) are listed in Table 4 . It is apparent that the chloride migration coefficient of damaged samples is greater than that of undamaged sample. The chloride migration coefficient is increased by 3.1, 4.7, 5.0, 7.6, 10.2 and 15.8 times respectively after 100, 125, 150, 225, 400 and 625 cycles compared to the reference specimen. The results indicated that deterioration may change the conductivity of the solution and would accelerate the penetration of concrete. Open cracks may have given more or less direct communication between the anode and the cathode. 10) According to the calculated data, an approximate linear relation between the chloride migration coefficient and mass loss could be described as (as shown in Fig. 4 where y is the chloride migration coefficient, x is the mass loss, and r 2 is the correlation coefficient.
Conclusions
Based on the experimental work and the analysis of the test results, the following conclusions can be drawn: Rapid freeze-thaw testing can be used to produce internal cracking in concrete specimen, and various degree of damage could be produced after different freeze-thaw cycles. Due to Internal cracking, carbonation depth was increased by 1.4 to 1.8 times, and the chloride penetration rate by 2.5 to 7.9 times. Both carbonation depth and the chloride migration coefficients increase with the increasing degree of damage. Carbonation depth has a good non-linear relation with mass loss, while the relation between the chloride migration coefficient and the mass loss is approximately linear. Moreover, the more serious the concrete was damaged, the greater is the electric current.
